A sensitivity analysis of the responses of crops to the chosen production adaptation options under regional climate change was conducted in this study. Projections of winter wheat production for different sowing dates and cultivars were estimated for a major economic and agricultural province of China from 2021 to 2080 using the World Food Study model (WOFOST) under representative concentration pathways (RCPs) scenarios. A modeling chain was established and a correction method was proposed to reduce the bias of the resulting model-simulated climate data. The results indicated that adjusting the sowing dates and cultivars could mitigate the influences of climate change on winter wheat production in Jinagsu. The yield gains were projected from the chosen sowing date and cultivar. The following actions are recommended to ensure high and stable yields under future climate changes: (i) advance the latest sowing date in some areas of northern Jiangsu; and (ii) use heat-tolerant or heat-tolerant and drought-resistant varieties in most areas of Jiangsu rather than the currently used cultivar. Fewer of the common negative effects of using a single climate model occurred when using the sensitivity analysis because our bias correction method was effective for scenario data and because the WOFOST performed well for Jiangsu after calibration.
Introduction
The mechanisms underlying the impacts of climatic change and variability on crop production are very complex. Continued global warming and increased climate variability might result in greater high-temperature stress and unstable agro-climatic resources. Slight variations in the mean climate (e.g., temperature and precipitation) might lead to asymmetrical responses in the frequency and intensity of severe weather events that cause high or low temperature injuries, large-scale droughts or severe floods that further reduce crop yields [1, 2] . However, the positive effects of climate change are undeniable, especially at regional scales. Increases in precipitation, relative humidity and carbon dioxide concentrations will contribute to increased crop yields. Increases in temperature may also production using scenario data. In this study, a partial sustainability assessment of the local agricultural economy is conducted. A sensitivity analysis of crop production responses to chosen sowing dates and cultivars is conducted, and suitable sowing dates and winter wheat varieties for sustainable agricultural development are identified for a major economic and agricultural province of China. Using a single climate model results in methodological limitations. However, these limitations could be reduced for sensitivity analysis. Moreover, a bias correction method is introduced to reduce shifts in the mean climate and climate variability in future scenarios to ensure the reliability of the projections.
Methodology

Study Region
This study was conducted in Jiangsu Province along the eastern coast of China and west of the Yellow Sea (Figure 1a) . This region has a variable climate due to large-scale and internal forcing, including a subtropical high-pressure system and the East Asian monsoon and land-sea distributions. The subtropical monsoon dominates the climate in the southern areas, and the warm moist monsoon dominates the climate in the northern areas. The weather is mild throughout the region, with moderate rainfall and a clear distinction between the four seasons. The annual average temperature ranges from 13.0~16.5 °C within this region, and the temperatures in the Huaibei (the Yellow River and Huai River), Jianghuai (the Yangtze River and Huai River) and southern Jiangsu regions range from 13.0~14.0 °C, 14.0~15.0 °C, and 15.0~16.5 °C, respectively [22] . Precipitation in the region increases from northwest to southeast, and the average annual precipitation is 800~1200 mm, with 60% of the precipitation occurring during the summer [22] . CZ stands for Changzhou, HA stands for Huaian, LY stands for Lianyungang, NJ stands for Nanjing, NT stands for Nantong, SQ stands for Suqian, SZ stands for Suzhou, TZ stands for Taizhou, WX stands for Wuxi, XZ stands for Xuzhou, YC stands for Yancheng, YZ stands for Yangzhou, and ZJ stands for Zhenjiang. The Huaibei region covers the areas of XZ, LY, and SQ and the northern parts of HA and YC. The Jianghuai region covers the areas of NT, TZ, YZ, the northern parts of NJ, and the southern parts of YC and HA. The southern Jiangsu region covers the areas of SZ, WX, CZ, ZJ and the southern parts of NJ.
Winter wheat production plays an important role in the gross output of Jiangsu. Winter wheat is planted in all of the sub-regions in this province (Figure 1b) . From 2011 to 2013, the output of winter wheat accounted for approximately 30 .93%~32.17% of the total grain production in this region and 9.17%~9.51% of the planting area in China [23] . However, in this economic and agricultural region, winter wheat production faces the following two challenges: CZ stands for Changzhou, HA stands for Huaian, LY stands for Lianyungang, NJ stands for Nanjing, NT stands for Nantong, SQ stands for Suqian, SZ stands for Suzhou, TZ stands for Taizhou, WX stands for Wuxi, XZ stands for Xuzhou, YC stands for Yancheng, YZ stands for Yangzhou, and ZJ stands for Zhenjiang. The Huaibei region covers the areas of XZ, LY, and SQ and the northern parts of HA and YC. The Jianghuai region covers the areas of NT, TZ, YZ, the northern parts of NJ, and the southern parts of YC and HA. The southern Jiangsu region covers the areas of SZ, WX, CZ, ZJ and the southern parts of NJ.
Winter wheat production plays an important role in the gross output of Jiangsu. Winter wheat is planted in all of the sub-regions in this province (Figure 1b) . From 2011 to 2013, the output of winter wheat accounted for approximately 30 .93%~32.17% of the total grain production in this region and 9.17%~9.51% of the planting area in China [23] . However, in this economic and agricultural region, winter wheat production faces the following two challenges: The scarcity of cultivated land resources. As the economics in the province develop, the demand for non-farming construction land increases. Large areas of cultivated land have been transformed into construction land due to urbanization. The southern part of the province has a lower average amount of cultivated land per person than the northern region and a more rapid rate of decreasing farm land area [24] . (ii)
Observed climate change. Since 1961, the climate of this region has undergone successive cooling and warming periods. However, during recent decades, a significant warming trend has persisted. The average temperature from 2001 to 2006 increased by 1.0˝C compared with the average temperature from 1971 to 2000 [24] . However, the extent of warming varies over smaller spatial scales. The temperature is 0.9˝C greater over the Huaibei region and Jianghuai region and 1.2˝C greater over the southern Jiangsu region [24] .
The precipitation in the province has decreased since the mid-1990s with significant annual fluctuations. The Meiyu season results in a complex pattern of precipitation due to the timing, position and duration of the rain belt. The northward movement of this rain belt increases precipitation in the Huaibei region and decreases precipitation in the southern Jiangsu region [24] .
The observed climate change has influenced winter wheat production in Jiangsu. Thirty-seven to 41% of the wheat yield in this province from 1978 to 1995 can be explained by temperature variations, and the negative impacts of the changes in seasonal average temperature (at the provincial scale) and total precipitation (at a 0.5˝scale) on wheat yield are evident [25] . The variations of the climate change present at different spatial scales increase the challenge of investigating the impacts of climate change and variability on wheat production.
Data
New emission scenarios of the representative concentration pathways (RCPs) were used in this study. The RCPs consist of four scenarios, RCP2.6, RCP4.5, RCP6 and RCP8.5, which have been updated from earlier scenarios using more detailed information, including emission, concentration and land-use trajectory data and several climate policies and adaptations. RCP8.5 and RCP2.6 represent a very high and low forcing level and stabilize the radiative forcing at approximately 1370 and 490 ppm CO 2 -equivalents, respectively, in 2100 [26, 27] . RCP6 and RCP4.5 represent two medium stabilization scenarios and stabilize the radiative forcing at approximately 850 and 650 ppm CO 2 -equivalents, respectively, in 2100 [26, 28] .
Of these RCPs, RCP4.5 is the most consistent with future development in eastern China, where improvements in energy structure and new low-emission technologies that limit emissions are most likely conducted. Projections from the RCP8.5 scenario in the absence of climate policies are also valuable as comparisons. Moreover, the land use projections are first considered in the RCPs, and the RCP4.5 and RCP8.5 scenarios produced two relevant, typical patterns of future land use. Evident areas of high-density cropland are projected in RCP8.5 in Southeast Asia and secondary (recovering) vegetation is projected to be common in Eurasia by 2100; however, less cropland, more land with no fractional cropland and high-density areas of secondary vegetation are projected in RCP4.5 [26] .
Climate scenario data from RCP4.5 and RCP8.5 from 2021 to 2080 (60 years) and present climate data (historical simulations) from 1961 to 2005 (45 years) with a resolution of 0.5˝latitude by 0.5l ongitude (approximately 50 kmˆ50 km) were created using the outputs of the Beijing Climate Centre Climate System Model version 1.1 (BCC_CSM1.1, a Chinese model) as the initial and boundary conditions to drive the regional climate model of the International Centre for Theoretical Physics (RegCM4.0) [27] [28] [29] . The elements of the grid points (Figure 1b) included the daily mean temperature (T,˝C), maximum temperature (Tmax,˝C), minimum temperature (Tmin,˝C), wind speed (UV, m¨s´1), precipitation (P, mm) and radiation (R, w¨m´2). Soil parameters for each meteorological station, including the sand fraction (% g¨g´1) and clay fraction (% g¨g´1) of topsoil (0-30 cm) and subsoil (30-100 cm), were extracted from the Harmonized World Soil Database (HWSD) using a resolution of approximately 1 kmˆ1 km [30] .
Modeling Framework
The Crop Growth Model
Before the crop simulations were performed, a bias correction method for model-simulated climate data at the daily scale was proposed based on statistical downscaling for the shifts in the mean climate and climate variability in the climate scenarios. This method was applied to daily values to adjust the mean and variance. The main steps of this method can be found in the Appendix. Its effectiveness was verified using simulated climate data and observed data during the validation period of 1991-2005. This method was then used to correct future climate data under the RCP scenarios for 2021-2080.
The crop growth and soil water balance were then simulated using the World Food Study model (WOFOST) with a daily time step [31, 32] . WOFOST is a mechanistic crop growth model with a solid biophysical and ecological basis. This model can simulate many crops by changing the crop parameters. The major processes for crop growth are phenological development, CO 2 -assimilation, transpiration, respiration, partitioning of assimilates to various organs, and dry matter formation. The major processes for water balance are rainfall, surface storage, surface run-off, soil surface evaporation, crop transpiration, percolation from the root zone to deeper layers and capillary rise into the root zone. This model can be applied using the potential mode (driven solely by solar radiation and temperature) and the water-limited mode (limited by the availability of water).
Although the WOFOST model was developed mainly for Europe, it has been widely used to assess crop responses to climate change. The performances of the WOFOST model and seven other well-documented models (including APES, CROPSYST, DAISY, DSSAT, FASSET, HERMES and STICS) were compared for winter wheat in Europe. This comparison demonstrated that none of the models could always reproduce the actual reported observations perfectly and that WOFOST overestimated the winter wheat yield [33] . Nevertheless, in China, after extensive parameter calibration or the introduction of other techniques (e.g., satellite-driven data), good agreement was achieved between the observations and the simulations from WOFOST [34] [35] [36] . In this study, weather data and model parameters underwent bias correction and calibration, respectively, to improve the reliabilities of the projections. In addition, the WOFOST model should be reasonable for conducting the sensitivity analysis.
The winter wheat phenology parameters were calibrated using the observed phenology and meteorological data, and the assimilation and respiration characteristics and partitioning of assimilates to plant organs were derived from the WOFOST41 dataset [37] .
The temperature sums from sowing to emergence, from emergence to anthesis and from anthesis to maturity (˝C¨d) were determined relative to the current cultivars using the observed phenology and meteorological data for the periods of 1993-1994, 1995-1996, 1996-1997 and 1999-2000 at the Fengxian, Shuyang, Ganyu, Binghai, Jianhu, Dafeng, Xinghua, Yangzhou and Rugao agro-meteorological stations. The detailed calibration steps include the following:
First, the average sowing, emergence, anthesis and maturity dates were calculated using the observed winter wheat phenology data from the agro-meteorological stations.
Second, the temperature sums were calculated using the average phenology dates and meteorological data from each agro-meteorological station. (iii) Finally, the temperature sums from sowing to emergence, from emergence to anthesis and from anthesis to maturity over the entire study region were interpolated from the results of Step (ii). For a very flat region (i.e., Jiangsu, most of which is within 50 m of sea level), it was reasonable to consider only the distances of the known points to the unknown points. In addition, because we aim to preserve the known values (i.e., observations) after spatial interpolation, a deterministic method is required. Thus, the inverse distance weights method was used.
Physical soil characteristic parameters, including the soil moisture content at wilting point (% cm 3¨c m´3), soil moisture content at field capacity (% cm 3¨c m´3), soil moisture content at saturation (% cm 3¨c m´3) and the hydraulic conductivity of the saturated soil (cm¨d´1), were estimated using the module Soil-Water-CharacTeristics (SWCT) of the Soil-Plant-Air-Water (SPAW) model [38] Water-limited production levels were considered to investigate the responses of winter wheat to climatic variability in the RCP4.5 and RCP8.5 climate change scenarios because water-limited production levels represent the maximum yield obtained under rain-fed conditions. The management parameters were held constant, and the mean sowing dates for each 30-year period and conditions with no irrigation and fertilization were considered. Using these settings, the climate factors only influenced the winter wheat production when the variety was also held constant.
Our numerical simulations consisted of the following: In theory, the last date at which the daily mean temperature consistently exceeded 15˝C is treated as the latest optimal sowing date in Jiangsu. Next, the varying sowing dates for each site were established based on this date using shifts of 5 days. Sixty-day leads and 30-day lags from this date were defined as the inferior limit and superior limit of the possible sowing date interval, respectively. This varying range covered the current sowing dates (historical observations).
Running the WOFOST model under climate scenarios with varying winter wheat varieties. Extreme events, such as heat stress and drought stress, may have major impacts on winter wheat yield [39, 40] . Accordingly, heat-tolerant and drought-resistant varieties were considered in this study.
In the WOFOST model, crops die because they exceed the crop-specific life span in the heat stress situation, which is defined by the SPAN parameter at a constant temperature. Moreover, as a plant adapts its water potential to maintain potential transpiration in a water limited situation, a reduction factor is used in the WOFOST model to reduce the potential transpiration. Corresponding with this reduction factor, the DEPNR parameter that represents the crop group number for soil water depletion is defined from 1 (drought sensitive) to 5 (drought resistant). Thus, the values of SPAN and DEPNR parameters can be changed to prepare heat tolerant and drought resistant varieties, respectively (Table 1) . Finally, we sought to identify a suitable sowing date and variety for stable yields after the sensitivity analysis. We believe that selecting a sowing date (or a variety) from the possible sowing dates (or varieties) is likely optimal if all of the following conditions are satisfied, regardless of whether the chosen date (or variety) results in the maximum winter wheat yield.
(a)
The minimum coefficient of variation (CV, the ratio of the standard deviation to the mean [41] ) of the yield simulated using the possible sowing date (or variety) is less than or equal to the CV of the yield of the current sowing date (or variety).
The simulated yield is greater than or equal to the yield simulated using the current sowing date (or variety). (c)
If more than one minimum is present, the CV results are equivalent, and the date (or variety) corresponding to the maximum yield is considered optimal.
The CV shows the extent of variability related to the mean. A small CV indicates a largely stable variable sequence.
Results
Effectiveness of the Bias Correction Method
Our bias correction model was applied to correct simulated climate data from 1991 to 2005, and the effectiveness of the model was evaluated. Then, the relative errors of the simulated elements compared with the climate observations were calculated at the monthly scale before and after bias correction (BC).
The bias between historical simulations and observations in different months was reduced for all six elements ( Figure 2 ). Before BC, the differences between the simulations and observations during the winter (from December to February) were generally larger than the differences between the simulations and observations during the other three seasons. This behavior was more obvious for T and Tmin. The relative errors of P during the spring and R during the autumn and winter also indicated large discrepancies, and most of the unsatisfied simulations were constructions for UV during all four seasons. After BC, the discrepancies of these elements decreased, especially for T and Tmin during the winter and UV during all seasons. The relative errors of Tmax, P and R were low (approximately 0.2). The bias of the simulated temperature, radiation, and wind speed in the autumn and winter and the amount of precipitation in the winter and spring were markedly reduced. Quantile-quantile plots were also introduced to provide evidence of the reliability of our method ( Figure 3 ). The linearity of the points suggested that the corrections and observations of the maximum and minimum temperatures followed the same distribution. Our bias correction method was effective for correcting the elements under future climate scenarios. Thus, our method enhanced the credibility of the winter wheat production projections. 
Calibration and Validation of WOFOST
The temperature sum parameters relative to the current winter wheat varieties and the physical soil characteristic parameters for each meteorological station in Jiangsu were calibrated as follows: Quantile-quantile plots were also introduced to provide evidence of the reliability of our method ( Figure 3 ). The linearity of the points suggested that the corrections and observations of the maximum and minimum temperatures followed the same distribution. Our bias correction method was effective for correcting the elements under future climate scenarios. Thus, our method enhanced the credibility of the winter wheat production projections. Quantile-quantile plots were also introduced to provide evidence of the reliability of our method ( Figure 3 ). The linearity of the points suggested that the corrections and observations of the maximum and minimum temperatures followed the same distribution. Our bias correction method was effective for correcting the elements under future climate scenarios. Thus, our method enhanced the credibility of the winter wheat production projections. 
The temperature sum parameters relative to the current winter wheat varieties and the physical soil characteristic parameters for each meteorological station in Jiangsu were calibrated as follows: Higher temperature sums from sowing to emergence and from emergence to anthesis were required by the winter wheat in northern Jiangsu than in southern Jiangsu. However, lower temperature sums from anthesis to maturity were required by winter wheat in northern Jiangsu compared with southern Jiangsu. (ii) The dominant soil groups within the province include Acrisols, Alisols, Anthrosols, Fluvisols, Gleysols, Luvisols, Planosols, Regosols, Solonchaks and Vertisols. In most areas of the province, the soil moisture contents at the wilting point, field capacity and saturation ranged from 4.7% to 33.3% cm 3 •cm −3 , 9.7% to 44.6% cm 3 •cm −3 and 44.8% to 52.0% cm 3 •cm −3 , respectively. The hydraulic conductivities of the saturated soil varied from 2.1 to 277.2 cm•d −1 and were different in the different areas of the province. The various soil groups likely account for the complex spatial patterns of these soil parameters, especially over central and northern Jiangsu. 
The temperature sum parameters relative to the current winter wheat varieties and the physical soil characteristic parameters for each meteorological station in Jiangsu were calibrated as follows:
The temperature sums from sowing to emergence, from emergence to anthesis, and from anthesis to maturity ranged from 80.0 to 140.0˝C¨d, 1380.0 to 2000.0˝C¨d, and 600.0 to 800.0˝C¨d, respectively. Higher temperature sums from sowing to emergence and from emergence to anthesis were required by the winter wheat in northern Jiangsu than in southern Jiangsu. However, lower temperature sums from anthesis to maturity were required by winter wheat in northern Jiangsu compared with southern Jiangsu.
The dominant soil groups within the province include Acrisols, Alisols, Anthrosols, Fluvisols, Gleysols, Luvisols, Planosols, Regosols, Solonchaks and Vertisols. In most areas of the province, the soil moisture contents at the wilting point, field capacity and saturation ranged from 4.7% to 33.3% cm 3¨c m´3, 9.7% to 44.6% cm 3¨c m´3 and 44.8% to 52.0% cm 3¨c m´3, respectively. The hydraulic conductivities of the saturated soil varied from 2.1 to 277.2 cm¨d´1 and were different in the different areas of the province. The various soil groups likely account for the complex spatial patterns of these soil parameters, especially over central and northern Jiangsu.
The simulated emergence dates were within˘10% of the observations (Figure 4a ). The simulations of the anthesis and maturity dates were not as accurate as those of the emergence dates; however, most of the simulated dates for these two stages were within˘10% of the observations (Figure 4b,c) . The simulated yields were slightly higher than the observations (Figure 4d) . Some of the simulations exceeded the limit of˘10% but remained within˘20%. This result may reflect the absence of meteorological damage, disease, insect pest activity and other types of damage from our simulation schemes. However, most of the simulated yields were within˘10% of the observations. The simulated emergence dates were within ±10% of the observations (Figure 4a ). The simulations of the anthesis and maturity dates were not as accurate as those of the emergence dates; however, most of the simulated dates for these two stages were within ±10% of the observations (Figure 4b,c) . The simulated yields were slightly higher than the observations (Figure 4d) . Some of the simulations exceeded the limit of ±10% but remained within ±20%. This result may reflect the absence of meteorological damage, disease, insect pest activity and other types of damage from our simulation schemes. However, most of the simulated yields were within ±10% of the observations.
The following statistics were also included: the sample size, the linear regression, determination coefficient (R 2 ), correlation coefficient (r), Root Mean Square Error (RMSE) and Relative Error (RE). The RMSEs for the emergence, anthesis and maturity dates were 5.7 days, 8.4 days and 4.1 days, respectively. The RMSE for yield was 642.1 kg•ha −1 . Generally, the WOFOST model with calibrated parameters was adequate for modeling winter wheat production in Jiangsu. 
Corrected Climate Scenario Projections
The future climate in this province was projected to change from the baseline using the RCP4.5 and RCP8.5 scenarios. Generally, temperature and radiation were projected to increase, and wind speed and amount of precipitation were projected to decrease (Table 2 ). For temperature, the change for 2051-2080 was projected to exceed that of 2021-2050, especially in the RCP8.5 scenario. The changes in wind speed were small, and a greater change in precipitation was projected for 2021-2050 than for 2051-2080 in the RCP4.5 scenario. In addition, a greater change in radiation was found for 2051-2080 than for 2021-2050. These patterns are opposite of the patterns that were projected in the RCP8.5 scenario. The following statistics were also included: the sample size, the linear regression, determination coefficient (R 2 ), correlation coefficient (r), Root Mean Square Error (RMSE) and Relative Error (RE). The RMSEs for the emergence, anthesis and maturity dates were 5.7 days, 8.4 days and 4.1 days, respectively. The RMSE for yield was 642.1 kg¨ha´1. Generally, the WOFOST model with calibrated parameters was adequate for modeling winter wheat production in Jiangsu.
The future climate in this province was projected to change from the baseline using the RCP4.5 and RCP8.5 scenarios. Generally, temperature and radiation were projected to increase, and wind speed and amount of precipitation were projected to decrease (Table 2 ). For temperature, the change for 2051-2080 was projected to exceed that of 2021-2050, especially in the RCP8.5 scenario. The changes in wind speed were small, and a greater change in precipitation was projected for 2021-2050 than for 2051-2080 in the RCP4.5 scenario. In addition, a greater change in radiation was found for 2051-2080 than for 2021-2050. These patterns are opposite of the patterns that were projected in the RCP8.5 scenario. Climate change was obvious at the monthly scale under the projections. The climate elements increased from July to December and decreased during the other months. This behavior was much more pronounced for T, Tmax, Tmin and R than for the other elements (Figure 5a-c,f) . Generally, these elements increased all year during 2051-2080 (Figure 5a-c) . The monthly variations of UV and P were extensive. The UV decreased from March to October and increased from November to February. In addition, the P generally decreased but increased slightly in February, April, May, July, October, November and December. However, these two elements generally decreased (Figure 5d ,e). The projected changes at the monthly scales could greatly influence the growth of winter wheat in this province. Climate change was obvious at the monthly scale under the projections. The climate elements increased from July to December and decreased during the other months. This behavior was much more pronounced for T, Tmax, Tmin and R than for the other elements (Figure 5a-c,f) . Generally, these elements increased all year during 2051-2080 (Figure 5a-c) . The monthly variations of UV and P were extensive. The UV decreased from March to October and increased from November to February. In addition, the P generally decreased but increased slightly in February, April, May, July, October, November and December. However, these two elements generally decreased (Figure 5d ,e). The projected changes at the monthly scales could greatly influence the growth of winter wheat in this province. 
Projected Results from Using the Current Sowing Date and Cultivar
The growing season (GS), water use efficiency (WUE, the ratio of produced biomass to evapotranspiration rate) and water-limited yield were projected using the current sowing date and cultivar (Table 3) . Under the projections, the average GS under future climate scenarios became shorter compared with the average baseline in the province. In both the RCP4.5 and RCP8.5 scenarios, maturity occurred earlier, especially from 2051 to 2080. In general, the variability of GS was low, with a maximum standard variation of 1.37% and a CV of 0.62% for 2021-2050 in the RCP8.5 scenario. Although the GS generally became more stable in all scenarios, the most stable GS occurred in the RCP4.5 scenario relative to the baseline, and the least stable GS occurred in the RCP8.5 scenario. Moreover, the declining trends of the growing season were significant (according to the Mann-Kendall test) during both the baseline and future scenarios, except for 2051-2080 in the RCP4.5 scenario.
The winter wheat crops in this region used the available soil water more efficiently in the future climate scenarios. Although the average WUEs increased to some extent, the increases were greater for 2021-2050 than for 2051-2080. However, the standard deviation and CV indicate that the WUE was less stable in the future scenarios than in the baseline. In general, the WUE decreased for both 30-year periods and in both scenarios, except for the 2051-2080 period in the RCP8.5 scenario, in which the WUE increased.
The average winter wheat yields were projected to increase during future periods. In the RCP4.5 and RCP8.5 scenarios, the average yields were 409 kg¨ha´1 and 425 kg¨ha´1 higher, respectively, than the baseline. The variability of the yield was greater than that of GS and WUE and was generally higher during 2021-2050 and lower during 2051-2080 relative to the baseline. Decreasing trends of winter wheat yields were projected under both the baseline and RCP4.5 scenario. In contrast, in the RCP8.5 scenario, a significant decreasing trend was projected for 2021-2050, and an increasing trend was projected for 2051-2080. Figure 6 presents the projected yields of 13 sub-regions in Jiangsu. The yields under the baseline in LY, NT, TZ and YC (mainly the coastal areas of Jinagsu) were high, with large medians, and relatively large inter-quartile yields were simulated in NT, which implied unstable production in this region. The simulated yields in CZ and NJ (mainly southwestern Jiangsu) were relatively low with small medians. Generally, the production in HA, LY, SQ and XZ (mainly northern Jiangsu) was relatively stable, with a small inter-quartile range for yields compared with the other sub-regions.
scenario and a tendency towards unstable yields was projected in the RCP8.5 scenario. Trends that were not very obvious were projected in XZ, YZ and CZ.
Although the average winter wheat yields were projected to increase over most of Jiangsu during future periods, the change trends of each sub-region were generally very different from each other, especially under the different climate scenarios. 
Sensitivities of the Projected Productions to the Chosen Sowing Date
The projections described above demonstrate that future climate conditions will affect winter wheat production in Jiangsu by influencing the growing season, water use efficiency and water-limited yield. Jiangsu is a major economic and agricultural province in China. Thus, policymakers should consider effective adaptations for stable and sustainable winter wheat production because most climate elements, especially temperature, are projected to markedly increase from July to December. Rigorous evaluations of relevant adaptation options were required.
The sensitivities of the projections to sowing date were evaluated using twenty possible sowing dates for each station. The current sowing dates were used as the possible sowing dates for evaluation. Three sites were selected for illustration, including Shuyang, Jianhu and Wuxi, which are located in the Huaibei, Jianghuai and southern Jiangsu regions, respectively. Figure 7 shows the high yield with small CV for winter wheat that was obtained from earlier sowing during 2021-2050 in the RCP4.5 and RCP8.5 scenarios. A clear decrease in yield and a clear increase in CV were projected due to late sowing. Under future climate scenarios, the yield increases in LY (northeastern Jiangsu) were generally greater than the yield increases in the other sub-regions. However, a tendency towards unstable yields with expanded inter-quartile ranges was also projected in this sub-region. Large yield increases in TZ (central Jiangsu) were also projected, and a strong tendency towards unstable yields was projected with an expanded inter-quartile range and minimum-maximum range, especially during 2051-2080 in the RCP4.5 scenario. The projected yield changes were less obvious in other sub-regions. In addition, the yields in HA, NT, YC, NJ and SZ were projected to remain stable relative to the baseline during 2051-2080 in the two scenarios, and unstable yields were projected in the SQ. In the sub-regions WX and ZJ, a tendency towards stable yields was projected in the RCP4.5 scenario and a tendency towards unstable yields was projected in the RCP8.5 scenario. Trends that were not very obvious were projected in XZ, YZ and CZ.
Although the average winter wheat yields were projected to increase over most of Jiangsu during future periods, the change trends of each sub-region were generally very different from each other, especially under the different climate scenarios.
The sensitivities of the projections to sowing date were evaluated using twenty possible sowing dates for each station. The current sowing dates were used as the possible sowing dates for evaluation. Three sites were selected for illustration, including Shuyang, Jianhu and Wuxi, which are located in the Huaibei, Jianghuai and southern Jiangsu regions, respectively. Figure 7 shows the high yield with small CV for winter wheat that was obtained from earlier sowing during 2021-2050 in the RCP4.5 and RCP8.5 scenarios. A clear decrease in yield and a clear increase in CV were projected due to late sowing.
The most suitable range of sowing dates for each site was determined according to Conditions (a)-(c) outlined in Section 2.3.2. The most suitable sowing date, as determined by a minimum CV and a high yield, was at least 25 days earlier than the last date on which the daily mean temperature consistently exceeded 15˝C. However, this result was obtained without considering the potential influences of other factors, such as disease, insect pest activity and fertilization. Thus, the most suitable sowing date identified here should be considered as an inferior limit, i.e., the earliest sowing date, and the latest sowing date was the last date on which the daily mean temperature consistently exceeded 15˝C. The ranges of the suitable sowing dates (bounded by a circle and square in Figure 7) for Shuyang, Jianhu and Wuxi were 41, 26 and 36 days, respectively, in the RCP4.5 scenario (Figure 7a ). In the RCP8.5 scenario, the corresponding ranges were 46, 51 and 46 days, respectively (Figure 7b) . The current sowing dates of Shuyang and Jianhu remained within their suitable ranges, whereas those of Wuxi were outside of the suitable range and far beyond the superior limit.
Next, the suitable ranges of sowing dates for obtaining stable yields in the other sub-regions were identified. The suitable sowing dates for the southern Jiangsu region were generally later than those for Jianghuai and Huaibei for each 30-year period (Figure 8) . Some of the earliest sowing dates for the period of 2051-2080 were later than those of 2021-2050 in both the RCP4.5 and RCP8.5 scenarios (Figure 8b,d,f,h ). In addition, some of the latest sowing dates were earlier, especially in the local areas of HA and XZ (Figure 8c,e,g,i) . However, the suitable ranges identified in the RCP8.5 scenario differed from those in the RCP4.5 scenario. The main differences were the delays in both the earliest and latest sowing dates in the RCP8.5 scenario. Additionally, the current sowing dates for most parts of the Jianghuai region and the southern Jiangsu region remain within the suitable ranges, which indicates that these dates remain suitable during future periods. However, in the other regions, especially in the Huaibei region, the current sowing dates were not suitable to ensure stable production. For example, the identified suitable ranges included earlier sowing dates relative to the current dates in southwestern SQ and HA.
The yield gains projected from the application of the earliest sowing date were obvious ( Figure 9 ). Large yield increases were projected in LY, SQ, XZ and NT for the earliest sowing date, while only small yield increases were projected in CZ and NJ. In addition, an obvious decrease in yield relative to the earliest sowing in HA was projected for 2051-2080 (Figure 9b,d) . During the same period, a similar decrease was projected in SZ in the RCP8.5 scenario (Figure 9d) . The yields, which were related to the latest and current sowing dates, were projected to be competitive yet different.
Changes in sowing date should be considered based on the relative positions of the yield medians related to the different sowing dates. However, the option of delaying the sowing date to produce high or stable wheat yields may not be practical for all regions as the climate becomes warmer. During 2021-2050, earlier sowing dates should be considered in HA, SQ and SZ in the RCP4.5 and RCP8.5 scenarios. In other sub-regions, the current sowing date was still suitable and could be slightly delayed (Figure 9a,c) . Moreover, during 2051-2080 in the two scenarios, the earlier sowing date should be considered suitable in HA, SQ, XZ, NT and SZ and the current sowing date should be considered suitable in the other sub-regions (Figure 9b,d) . The most suitable range of sowing dates for each site was determined according to Conditions (a)-(c) outlined in Section 2.3.2. The most suitable sowing date, as determined by a minimum CV and a high yield, was at least 25 days earlier than the last date on which the daily mean temperature consistently exceeded 15 °C. However, this result was obtained without considering the potential influences of other factors, such as disease, insect pest activity and fertilization. Thus, the most suitable sowing date identified here should be considered as an inferior limit, i.e., the earliest sowing date, and the latest sowing date was the last date on which the daily mean temperature consistently exceeded 15 °C.
The ranges of the suitable sowing dates (bounded by a circle and square in Figure 7) for Shuyang, Jianhu and Wuxi were 41, 26 and 36 days, respectively, in the RCP4.5 scenario (Figure 7a ). In the RCP8.5 scenario, the corresponding ranges were 46, 51 and 46 days, respectively (Figure 7b) . The current sowing dates of Shuyang and Jianhu remained within their suitable ranges, whereas those of Wuxi were outside of the suitable range and far beyond the superior limit.
The yield gains projected from the application of the earliest sowing date were obvious ( Figure  9 ). Large yield increases were projected in LY, SQ, XZ and NT for the earliest sowing date, while only small yield increases were projected in CZ and NJ. In addition, an obvious decrease in yield relative to the earliest sowing in HA was projected for 2051-2080 (Figure 9b,d) . During the same period, a similar decrease was projected in SZ in the RCP8.5 scenario (Figure 9d) . The yields, which were related to the latest and current sowing dates, were projected to be competitive yet different. 
Sensitivities of the Projected Productions to the Chosen Cultivar
Nine possible winter wheat varieties, including the current variety, were evaluated for each station. Three sites, including Shuyang, Jianhu and Wuxi, were selected for illustration. Figure 10 shows the high yields with small CVs for winter wheat that were obtained for heat-tolerant or heat-tolerant and drought-resistant varieties for 2021-2050 in the future climate scenarios. A clear decrease in yield was recognized because the SPAN and DEPNR decreased. In addition, adjusting only these two crop parameters would not result in great changes in the values of the yield CV. (Figure 9a,c) . Moreover, during 2051-2080 in the two scenarios, the earlier sowing date should be considered suitable in HA, SQ, XZ, NT and SZ and the current sowing date should be considered suitable in the other sub-regions (Figure 9b,d ).
Changes in
sowing date should be considered based on the relative positions of the yield medians related to the different sowing dates. However, the option of delaying the sowing date to produce high or stable wheat yields may not be practical for all regions as the climate becomes warmer. During 2021-2050, earlier sowing dates should be considered in HA, SQ and SZ in the RCP4.5 and RCP8.5 scenarios. In other sub-regions, the current sowing date was still suitable and could be slightly delayed
Sensitivities of the Projected Productions to the Chosen Cultivar
Nine possible winter wheat varieties, including the current variety, were evaluated for each station. Three sites, including Shuyang, Jianhu and Wuxi, were selected for illustration. Figure 10 shows the high yields with small CVs for winter wheat that were obtained for heat-tolerant or heat-tolerant and drought-resistant varieties for 2021-2050 in the future climate scenarios. A clear decrease in yield was recognized because the SPAN and DEPNR decreased. In addition, adjusting only these two crop parameters would not result in great changes in the values of the yield CV. The most suitable variety was determined according to Conditions (a)-(c) outlined in Section 2.3.2. As determined by the minimum CV and high yield, the most suitable varieties for Shuyang included the heat-tolerant variety V3 and the heat-tolerant and drought-resistant varieties V8 and V9 in the RCP4.5 scenario. The current variety V1 was projected to be the most suitable for Jianhu, and the heat-tolerant and drought-resistant varieties V8 and V9 were projected to be the most suitable for Wuxi (Figure 10a ). In the RCP8.5 scenario, the heat-tolerant and drought-resistant varieties V6 and V7 were projected to be most suitable for Shuyang, the heat-tolerant and drought-resistant variety V9 was projected to be most suitable for Jianhu, and the heat-tolerant variety V3 and the heat-tolerant and drought-resistant varieties V8 and V9 were projected to be most suitable for Wuxi. Figure 11 shows the most suitable variety for each site. The heat-tolerant variety V3 and the heat-tolerant and drought-resistant varieties V8 and V9 were dominant among the high-and stable-yielding winter wheat cultivars. The most suitable variety was determined according to Conditions (a)-(c) outlined in Section 2.3.2. As determined by the minimum CV and high yield, the most suitable varieties for Shuyang included the heat-tolerant variety V3 and the heat-tolerant and drought-resistant varieties V8 and V9 in the RCP4.5 scenario. The current variety V1 was projected to be the most suitable for Jianhu, and the heat-tolerant and drought-resistant varieties V8 and V9 were projected to be the most suitable for Wuxi (Figure 10a ). In the RCP8.5 scenario, the heat-tolerant and drought-resistant varieties V6 and V7 were projected to be most suitable for Shuyang, the heat-tolerant and drought-resistant variety V9 was projected to be most suitable for Jianhu, and the heat-tolerant variety V3 and the heat-tolerant and drought-resistant varieties V8 and V9 were projected to be most suitable for Wuxi. Figure 11 shows the most suitable variety for each site. The heat-tolerant variety V3 and the heat-tolerant and drought-resistant varieties V8 and V9 were dominant among the high-and stable-yielding winter wheat cultivars.
For 2021-2050, the V1 variety remained the most suitable variety for northwestern XZ and other local areas, including northeastern LY, western CZ, SQ, WX and YC in the RCP4.5 scenario (Figure 11a ) and southern and northern YZ, southern NT and TZ in the RCP8.5 scenario (Figure 11c) . The resistant varieties, including the heat-tolerant variety V2, the drought-resistant varieties V4 and V5 and the two heat-tolerant and drought-resistant varieties V6 and V7 were only suitable for very small-scale areas (Figure 11a,c) . However, the V6 and V2 varieties were unsuitable for the province in the RCP4.5 and RCP8.5 scenarios, respectively, for 2021-2050.
For 2051-2080, the overall spatial patterns were similar to those for 2021-2050, except for the more dominant representation of heat-tolerant and heat-tolerant and drought-resistant varieties in the RCP4.5 scenario compared with the RCP8.5 scenario (Figure 11b,d ). The heat-tolerant variety V2 and the two heat-tolerant and drought-resistant varieties V6 and V7 were unsuitable for the province in the RCP4.5 scenario (Figure 11b ). In contrast, in the RCP8.5 scenario, all nine proposed varieties were considered for planting in the province. However, some of the varieties, such as the current variety V1, the heat-tolerant variety V2, the drought-resistant varieties V4 and V5, and the heat-tolerant and drought-resistant varieties V6 and V7, were only suitable for very small-scale areas (Figure 11d) . Generally, the heat-tolerant or heat-tolerant and drought-resistant varieties are expected to mitigate the influences of climate change on winter wheat production in most parts of Jiangsu, unlike the current variety. For 2021-2050, the V1 variety remained the most suitable variety for northwestern XZ and other local areas, including northeastern LY, western CZ, SQ, WX and YC in the RCP4.5 scenario (Figure 11a ) and southern and northern YZ, southern NT and TZ in the RCP8.5 scenario ( Figure  11c ). The resistant varieties, including the heat-tolerant variety V2, the drought-resistant varieties V4 and V5 and the two heat-tolerant and drought-resistant varieties V6 and V7 were only suitable for very small-scale areas (Figure 11a,c) . However, the V6 and V2 varieties were unsuitable for the province in the RCP4.5 and RCP8.5 scenarios, respectively, for 2021-2050.
For 2051-2080, the overall spatial patterns were similar to those for 2021-2050, except for the more dominant representation of heat-tolerant and heat-tolerant and drought-resistant varieties in the RCP4.5 scenario compared with the RCP8.5 scenario (Figure 11b,d ). The heat-tolerant variety V2 and the two heat-tolerant and drought-resistant varieties V6 and V7 were unsuitable for the province in the RCP4.5 scenario (Figure 11b ). In contrast, in the RCP8.5 scenario, all nine proposed varieties were considered for planting in the province. However, some of the varieties, such as the current variety V1, the heat-tolerant variety V2, the drought-resistant varieties V4 and V5, and the heat-tolerant and drought-resistant varieties V6 and V7, were only suitable for very small-scale areas (Figure 11d) . Generally, the heat-tolerant or heat-tolerant and drought-resistant varieties are expected to mitigate the influences of climate change on winter wheat production in most parts of Jiangsu, unlike the current variety.
After identifying the most suitable cultivars, yield increases were projected in most of the sub-regions, especially in HA, NT, TZ and YC (Figure 12 ). However, in some sub-regions, such as XZ and NJ, changing the cultivars did not facilitate an obvious yield increase. Similar projections were also obtained in YZ for 2021-2050 in the RCP8.5 scenario (Figure 12c ) and in SZ during 2051-2080 in the RCP4.5 scenario (Figure 12b ). Although the yield gains projected from the application of the most suitable cultivar were smaller than the yield gains projected from adjusting the sowing dates, it would be appropriate to consider changes in winter wheat variety. After identifying the most suitable cultivars, yield increases were projected in most of the sub-regions, especially in HA, NT, TZ and YC ( Figure 12 ). However, in some sub-regions, such as XZ and NJ, changing the cultivars did not facilitate an obvious yield increase. Similar projections were also obtained in YZ for 2021-2050 in the RCP8.5 scenario (Figure 12c ) and in SZ during 2051-2080 in the RCP4.5 scenario (Figure 12b ). Although the yield gains projected from the application of the most suitable cultivar were smaller than the yield gains projected from adjusting the sowing dates, it would be appropriate to consider changes in winter wheat variety. 
Discussion
This study presents a method for projecting the responses of winter wheat production to chosen adaptation options in Jiangsu, which is a major province in China that is currently experiencing a conflict between economic development and agricultural sustainability. A shorter growing season and more unstable water use efficiency and yields of winter wheat were projected under future climate conditions assuming that the farmers would continue to use the historical Figure 12 . Distribution of the average projected yields after using the identified suitable cultivars in 13 sub-regions in the (a,b) RCP4.5 and (c,d) RCP8.5 scenario. Boxes and whiskers represent the inter-quartile range (between the 25th and 75th percentiles) and maximum and minimum values, and the central mark represents the median.
This study presents a method for projecting the responses of winter wheat production to chosen adaptation options in Jiangsu, which is a major province in China that is currently experiencing a conflict between economic development and agricultural sustainability. A shorter growing season and more unstable water use efficiency and yields of winter wheat were projected under future climate conditions assuming that the farmers would continue to use the historical cropping patterns.
The temperature increases that will occur with future climate change were projected to result in shorter phenophases. This finding is consistent with the response of winter wheat growth that was projected by Song et al. [42] . A suitable GS is required for high production; otherwise, an overly short growing season will cause yield reductions. The WUE was projected to increase slightly, mainly because the relative change of evapotranspiration was much lower than that of the projected yield. This result is similar to the findings of Cuculeanu [11] and Mo et al. [43] . However, the WUE was projected to have an unstable tendency with a pronounced negative effect. If only the increases in average yield are considered, the winter wheat production in Jiangsu would benefit from future climates with higher temperatures and radiation levels. However, when the relative change in CV is considered, the yields in many parts of northwestern Jiangsu are projected to become much more unstable in future climate scenarios. Moreover, the CV values that were obtained in this study (approximately 9.9%) were lower than the mean CV value (13.7%) of winter wheat that was calculated in the North China Plain [43] . Thus, our results suggest stable conditions for winter wheat production in Jiangsu. The changes in the winter wheat yields that were simulated during the baseline period are largely consistent with the results of Song et al. [5] ; however, our study yielded more detailed information because of the abundance of high-resolution data. These data increase our understanding of future trends. This study also presented a paradox; namely, large increases in winter wheat yield in northeastern Jiangsu were simulated in the RCP4.5 and RCP8.5 scenarios, while the winter wheat production in this sub-region was projected to become much more unstable. Considerable attention should be given to this paradox regarding high and stable production in future climate scenarios.
Thus, for policymakers and farmers, rigorous local assessments of adaptation options are required to ensure stable yields. Several studies have recommended using later sowing dates or introducing resistant varieties for winter wheat production in warming climates [11, 44, 45] . However, these generalized adaptation options are not practical across the entire study region.
Large yield gains characterized by high yields with small CVs for winter wheat were projected from earlier sowing. These gains are consistent with those of previous studies (e.g., [46] ); however, in our study, the associated CV index was also introduced as the main criterion of Conditions (a)-(c) as outlined in Section 2.3.2. The results of the sensitivity analysis to different sowing dates yielded a suitable range of sowing dates for each station. The inferior limit was established based on the yield (high) and CV (minimum). The suitable range indicates that planting should be delayed in some parts of northern Jiangsu (e.g., Shuyang and Jianhu) and advanced in some areas of southern Jiangsu (e.g., Wuxi). Sowing dates that are too early for winter wheat production could result in a large number of tillering branches becoming jointed before winter and could lead to potential freezing damage. However, sowing dates that are too late might result in a small number of tillering branches, which would reduce yields. Southworth et al. [47] suggested that adaptations in management strategies should be considered when changing sowing dates.
In addition, yield gains were projected from heat-tolerant or heat-tolerant and drought-resistant varieties; thus, the results from the sensitivity analysis of using different cultivars in this study suggest that new wheat cultivars should be introduced, which corresponds with previous conclusions [39] . The heat-tolerant and heat-tolerant and drought-resistant varieties would be suitable in central and southern Jiangsu, and the current cultivar would be more suitable in some areas of the northwestern regions. These results are consistent with the simulated warmer temperatures and lower precipitation in future scenarios. Heat stress can threaten winter wheat at any growth stage [48] , and water stress can affect the tillering, booting, and grain-forming stages [49] . Heat-tolerant and drought-resistant varieties should be the preferred choice in Jiangsu under future climate conditions. This recommendation is consistent with the adaptations that have been proposed for changing maize cultivars in northeastern China [50] .
Nevertheless, uncertainties in our assessment are unavoidable, and further assessment of these uncertainties is difficult. The outputs of the climate model contribute to these uncertainties. Most of the climate scenarios were constructed using GCMs, and some of the scenarios are the outputs from mesoscale models that are driven by GCMs [29, 51] . Generally, these constructions are validated by comparing the simulated climate elements and observations of the present climate at the annual scale [29] . However, problems occur because crop production, including winter wheat production, is sensitive to seasonal climate changes and because the bias from real climates at monthly scales results in changes in crop development. Even if climate scenarios from multi-models are applied to conduct ensemble assessments, this problem is unavoidable in the absence of bias corrections according to the observations. Thus, as was suggested by Bakker et al. [20] , it is necessary to correct the shift and variability of the climate scenario before performing the crop simulations. The bias correction method that is proposed in this study mainly consists of a nonlinear transfer function and parameters for variation correction. The corrected daily mean temperature, maximum temperature and minimum temperature were superior to the outputs of RegCM4.0. Biases in precipitation, radiation and evapotranspiration were difficult to correct but were reduced somewhat by using our bias correction method. This method can accommodate the mean and variation shifts, as do other well-documented methods [23, 41, 52] . However, the assumption that the variation parameters are time-invariant and the relationships between the mean values of observations and historical simulations limit the correction validations. We speculated that a transfer function constructed using mean values at monthly scales might be more effective.
Moreover, the emissions scenarios, local climate and soil conditions explain the uncertainties [53] . In addition, field management, fertilizer and possible damage due to meteorological events, disease, or insect pests, were not considered or determined with ideal values, which also contributed to the uncertainties in our simulations. The results of a recent study [54] that investigated the relative contributions of climate change and technological advances on crop yield are promising for the further study of uncertainties. The main limitation of the present study is the use of a single climate and crop model. However, this negative effect might be reduced for the sensitivity analysis. In addition, our bias correction method was effective for the simulated climate scenarios, reduced the uncertainties that arise from the single climate model and enhanced the credibility of the projections of winter wheat production. Moreover, the application of abundant high-resolution data, including meteorological, crop and soil data, and further calibration of the WOFOST model reduced the uncertainties in the single crop model. The construction of ensemble assessments could be useful. However, as was mentioned above, the quality of each ensemble member would continue to affect the assessment results if a prior bias correction is not carried out, especially when the dispersion between the members is large.
Conclusions
The future climate conditions in Jiangsu were projected to affect the winter wheat growing season, water use efficiency and yield in the RCP4.5 and RCP8.5 scenarios. In particular, yield decreases were projected for 2021-2050 and 2051-2080. Adjusting the sowing dates and cultivars was expected to mitigate the influences of climate change on winter wheat production because yield gains were projected from the chosen sowing date and cultivar. However, these two types of adaptation options may not be practical for all sub-regions under the changing climate. Thus, the suitable range of sowing dates and the most suitable variety were identified for each station to obtain high and stable yields. The identified suitable ranges involved earlier sowing dates for the Jianghuai and Huaibei regions than for the regions in southern Jiangsu. In addition, the latest sowing dates should be advanced in some areas of northern Jiangsu and could be delayed in southern Jiangsu. The sensitivity analysis also suggested that heat-tolerant or heat-tolerant and drought-resistant varieties will be more suitable than the current variety under future climate conditions in this province.
The potential impacts of our study include the application of our regional climate change projections to crop-production planning using coupled agrometeorological and regional climate models as well as higher-level impacts, such as influencing the state's climate-change policies. Further studies should include multiple scenarios and simulations, more extensive model parameterization, and other possible adaptation options.
